Introduction
The study of the intestinal microflora, and in particular the flora dynamics, has been hampered seriously by the difficulties encountered when culturing the bacteria. Even when extreme care is taken, only some 40-50 % of the bacteria counted by microscopic techniques can actually be cultured. Besides these difficulties, culturing of bacteria is time-consuming and expensive. Digital image analysed microscopy, especially combined with fluorescence techniques, has much to offer in this respect. It allows measurement of many flora parameters without the need for culturing. Several applications have been developed in Groningen, initially just to perform automated counting and morphometric analysis (21) (22) (23) , later adding fluorometric analysis as well, including immunofluorescence measurements (2, 3, (12) (13) (14) (15) and more recently fluorescence in situ hybridization (FISH) (4) . In this paper we will review the progress made in the microbiological image processing programme in Groningen.
Studies of the Intestinal Microflora using Image Analysis

Morphometry
The first application of image analysed microscopy to the intestinal microflora focused on morphometry, and in particular the determining the effects of antibiotics on the gut microbial ecology (21) (22) (23) . To achieve this, a video camera was mounted on the microscope and connected to an image capture board (a "frame-grabber") in a personal computer. Following acquisition of images, background irregularities such as dust in the optical path, etc., were removed by subtracting either an image of an empty microscopic field of view, or an out-of-focus image of the original field of view. The image was then segmented using the robust automatic threshold selection method of Kittler et al. (16) to separate objects from background. The segmentation procedure is fully automatic, but human operators were allowed to intervene by removing certain objects which were clearly non-bacterial debris. Figure 1 shows the different stages of this process.
Various shape parameters (surface area, perimeter length, moment of inertia, etc.) were determined, and the first three principal component scores of the logarithms of the raw morphometrical data were used as statistically optimal shape parameters (22) . It was theorized that without culturing it should be possible to estimate bacterial diversity, simply by computing a measure of morphological diversity. The optimal parameter for this purpose was found to be the Shannon entropy (or information content) of the morphological distribution. Figure 2 shows the changes in the morphological distribution during antibiotic treatment. Note how the morphological diversity recovers more slowly than the total number of bacteria.
Immunofluorescence
An important extension of the system used above was made by Apperloo-Renkema et al. (2) . In this case, the aim was to quantify the systemic immune response to the intestinal microflora, by the addition of immunofluorescence measurement. In this case, two images per field of view have to be recorded: one fluorescence and one phase contrast. The phase contrast image is needed to find all cells in the population, the fluorescence image is used to determine the fluorescence of each cell. Originally, the fluorescence image was taken by averaging 16 exposures of 33 ms each, to improve signal to noise. Later, this system was improved in sensitivity and accuracy by the addition of an exposure control board, which allowed exposure times of several seconds (12, 33) . The algorithm for fluorescence measurement is straightforward: after segmentation of the phase contrast image using the RATS-algorithm, the mean fluorescence within the cell is computed, together with the mean fluorescence in a region just outside the cell (excluding any neighbouring cells). Figure 3 shows the different image processing stages required for this. Both values are calibrated against a solid fluorescence reference (32) . The difference between these two calibrated fluorescence values is the mean surface fluorescence intensity attributable to the presence of the cell. Note that this is quite a different measure of fluorescence from that measured by a flow cytometer, which determines the integrated fluorescence of each object. To determine a mean serum antibody titre further statistical processing of the fluorescence data of the individual bacteria is needed. For this purpose the fluorescence measurements are performed on a single sample at a range of different serum dilutions from a twofold dilution sequence, including a negative control. The serum titre can then be measured as the initial slope 4 of the fluorescence signal vs. serum concentration (i.e., the inverse of the dilution factor). To account for outliers and skew in the distribution of fluorescence, the median, rather than the mean fluorescence at each dilution was used, and the slope was computed using a least absolute deviates linear fit. Initially, up to twelve dilutions were used (3). Later it was found that due to the low antibody titres directed against the intestinal microflora only two dilutions were required: one tenfold dilution and a negative control (12) . These methods have been applied to the study of the intestinal microflora during treatment with probiotics (13) , where a decrease of serum antibody titres directed against the intestinal flora was observed, along with morphological changes in the flora (15).
Combined morphometry and immunofluorescence
An obvious extension to the system was to combine immunofluorescence and morphological information (3, 14) . By dividing up the bacteria according to their morphological principal component scores into some 100 categories, and computing the median titre within each category, a map of titre as a function of shape could be computed. Though it proved possible to quantitate temporal changes and interindividual differences in these patterns, the lack of a theoretical framework to explain these data means the method has provided little new insight to date. 
Fluorescence In Situ Hybridization (FISH)
One of the most powerful techniques for the study of unculturable bacteria is through the use of rRNA-targeted FISH (1). Soon after the first publications of the technique (5, 9) development of probes for use in intestinal floras were reported, e.g., for Bifidobacterium (35) , Lactobacillus (11) and Fibrobacter spp. (19) . Combinations of FISH and image processing were also reported, e.g., Poulsen et al. (24) who analysed the spatial distribution of Escherichia coli in murine intestines.
In the following sections we will discuss two methods developed in Groningen, the first at the Department of Medical Microbiology, the second at Microscreen B.V. in Groningen. When studying relatively simple ecosystems, consisting of some tens of species at most, probing using species specific probes is most suitable. If, as in the case of the intestinal flora, the ecosystem consists of hundreds of species, such probes become impractical, due to the number of probes and assays per sample needed. Therefore, the approach used at the department of Medical Microbiology (MMB) in Groningen focuses on genus or group specific probes, requiring far fewer probes to detect most bacteria (28) . Probes for about a dozen phylogenetic groups, including the genera Bifidobacterium, Lactobacillus, and Fusobacterium, and various groups of bacteroides, clostridia, peptostreptococci, and streptococci have been developed. To date, only the probes for Bifidobacterium (17) and Lactobacillus (6) have been validated. Langendijk (17) used the fluorescence measurement technique originally developed for immunofluorescence to quantify the performance of three different probes, all of which should hybridize with sequences common to 16S-rRNA of Bifidobacterium spp. One of these (Bif1278: 5'-CCGGTTTTCAGGGATCC-3') was proposed by Frothingham et al. (8) , the others (Bif164: 5'-CATCCGGCATTACCACCC-3', and Bif662: 5'-CCACCGTTACACCGGGAA-3') were developed at MMB. Figure 4 shows the fluorescence intensity distributions of the three probes over a population of bifidobacteria compared to negative and positive controls. Bif164 produces the highest mean fluorescence intensities in bifidobacteria, whereas Bif1278 does not appear to work well. None of the probes showed any significant fluorescence in other species of bacteria commonly isolated from the intestinal microflora. Since all three probes should theoretically be equally specific for bifidobacteria, these differences are probably due to problems with probe accessibility. Figure 5 shows two images of a double stained faecal sample using DAPI to stain all bacteria and the Bif164 probe to stain only the bifidobacteria in the sample. At this point in time, counting the bifidobacteria is done manually, but image processing techniques to automate this procedure are being developed.
Messenger-RNA (mRNA) hybridization
For successful rRNA-targeted FISH, the cells must be permeabilized, to allow access of the (fairly large) probe to the ribosomes. This requires fixing the cells, which is not compatible with many stains used as measures for cell viability, which require the cells to be alive, not fixed. Nonetheless, Whiteley et al. (32) have successfully combined a stain for viability with FISH, and quantifying the results using image analysis, by performing FISH on the microscope stage. This method may be too complicated for routine application. Stains which can quantify prefixation cellular activity after the cell has been fixed are needed in the context of rRNA-targeted FISH. Quantitation of mRNA might provide such possibilities. Recent work by Lebaron et al. (18) and Schönhuber et al. (27) , using tyramide signal amplification with horseradish peroxidase labelled probes, may allow in situ detection of 7 individual mRNA species within bacterial cells. Figure 6 shows such an application to cultures of lactococci developed at Microscreen B.V., Groningen. Though several problems concerning target accessibility must still be solved, the potential for this technique is enormous. Expression of individual genes in consortia of bacteria and their spatial distributions and interrelations can then be monitored. A prerequisite is that the genes of interest have been sequenced, or that conserved areas have been determined, so related genes of unknown species are (probably) covered too. A different approach, with different applications is the staining the total mRNA content. Since mRNA degrades very rapidly in the cell due to the presence of ribonucleases, its very presence in a fixed cell suggests that the cell was alive (or at least showed transcription activity) shortly before fixation. The problem here is to find a sequence common to all mRNA. Though it is usually considered a typically eukaryote trait, prokaryote mRNA actually does have a poly-adenylated tail (10, 25, 26) . It is generally shorter than that found in mammalian cells (some tens rather than 200 nucleotides), and though its function has not been clarified completely, it appears to be the signal sequence for ribonucleases which degrade mRNA (34) . Though to date only four species from the kingdom Bacteria (E. coli, Bacillus subtilis, B. brevis (10, 26) , and Rhodospirillum rubrum (20) ) have been shown to contain poly-A-tails, it is a reasonable assumption that this trait is conserved, and that therefore a poly-T oligonucleotide probe could be used for mRNA quantitation. Figure 7 show poly-T probe derived fluorescence intensity during growth in a batch culture of the Escherichia coli strain JM-101 (Wilkinson and Schut, preliminary data). The decay in mRNA derived fluorescence upon entering the stationary of the culture is obvious, and it is much more rapid than that expected for rRNA, which may show a half-life of several days upon entering starvation (7).
Discussion
Image analysed microscopy is a powerful tool in the study of the intestinal microflora. Though flow cytometry will probably remain superior to image analysis in terms of data bulk acquired, the gap will certainly be closed in part by full automation using completely computer controlled microscopes (4) . Quite fundamentally, imaging methods have the edge over flow cytometry when it comes to the sensitivity needed for very faint fluorescence. Apart from the advantage offered by prolonging the exposure times, measuring surface or volume fluorescence rather than integrated fluorescence allows detection of smaller, fainter, sub-populations (29) . Furthermore, the addition of morphometrical information to the fluorescence data allows measurement of the morphological diversity within each higher taxonomic group, which in turn may reflect the species diversity within that taxon. In this way, species diversity measures may be obtained without the need for probes for each individual species in the ecosystem. It may also suggest which taxon has the highest probability of containing new species, many of which are expected to be present. Image analysis can also be used to determine spatial relationships between bacteria in ecosystems, something which is impossible with flow cytometry (24) . Finally, accurate measurement of biovolume, and hence biomass using image analysis is also possible (30) . FISH has been heralded as an ideal methodology to detect and enumerate bacteria without culturing. Though much of the potential is now being realized, some problems have emerged. Probe accessibility is probably the most important one. Especially when using large molecules (enzymes) as labels, fixation protocols must walk a tight-rope: destroy the cellular envelope sufficiently to allow access of the probe, but not so much that the cell disintegrates. A further problem is that the fixation required for FISH is incompatible with many other staining techniques, notably the different live/dead stains, which may rely dye exclusion due to membrane impermeability of living cells, on membrane potential, or on cell respiration. Quite simply, most live stains do not work on dead cells. Similar difficulties have been encountered when trying to combine FISH and IF (Dr N. Bos, personal communication). In this case the fixation for FISH seems to destroy certain epitopes on the cell surface. Total mRNA measurement may have much to offer in this respect. Though more work is needed to prove it works on more species of bacteria, a poly-T probe may prove to be "post-mortem" viability stain, fully compatible with rRNA-targeted FISH.
